The growth of Listeria monocytogenes ATCC 23074 in defined medium is sensitive to high osmolarity when compared with its growth in complex media, such as brain heart infusion (BHI). The two major contributors to this difference in growth rate are the availability in BHI of the osmoprotectant glycine betaine and peptides. Peptone plays two major roles: firstly as a nutritional supplement for protein synthesis, and secondly as a source of amino acids and peptides that serve as a mechanism of maintaining turgor. In the presence of peptone the total amino acid pool a t high osmolarity is substantial and even in the presence of glycine betaine the amino acid pool makes a major contribution to turgor maintenance. A t high osmolarity there is a general increase in amino acid pools, with particularly substantial pools of glutamate, aspartate, proline, hydroxyproline and glycine. Peptides are also accumulated by cells from the peptone supplied in the medium. Glycinecontaining peptides are accumulated in the cytoplasm under all conditions. Specific glycine-and proline-containing peptides stimulate growth a t high osmolarity. The peptide prolyl-hydroxyproline accumulates in cells to high levels in response to growth a t high osmolarity, and the pools of the derived amino acids also show a dependence on the external osmotic pressure. However, proline only confers significant osmoprotection when supplied as peptides. The significance of these data in the context of the occurrence of L. monocyfogenes in foods with high peptide content is discussed.
INTRODUCTION
Listeria monogtogenes is a Gram-positive intracellular parasite responsible for severe opportunistic infections in humans and other animals. The ability of L. molzogtogenes 1989). This persistence is graphically illustrated by an outbreak of listeric septicaemia that has been linked to consumption of contaminated salted mushrooms stored in 7.5 % NaCl at low temperature for 5 months (Junttila & Brander, 1989) . to survive a wide range of environmental conditions including relatively high salt concentrations (10 YO, w/v, NaC1) and low temperatures allows this bacterium to resist traditional food preservation methods and to persist under conditions where the growth of other microorganisms is inhibited (McClure e t a/., 1991 ; Skovgaard, The adaptation of bacteria to water stress involves the intracellular accumulation of certain solutes, which increase the intracellular water activity and allow the bacterial cells to survive high or fluctuating osmolarities, desiccation or freezing. These solutes are known as compatible solutes because they can be accumulated at Abbreviations: BHI, brain heart infusion; PGP, prolyl-glycyl-glycine; PG, r>r&esses. The term osmoprotectants is also used to proline, for which a number of transport mechanisms have been described in Escbericbia cali, Salmonella gyphimtlritlm (Booth et al., 1988) , in the Gram-positive bacterium StapLylococctls aweus (Pourkomailian & Booth, 1992) and recently also in L. monoytogenes (KO e t al., 1994) . In E. cali and S. atlreus glycine betaine can be synthesized from choline when it is present in the medium (Strsm e t al., 1986; Kaenjak e t al., 1993) .
The aim of this study was to investigate the physiological response of L. monocytugenes to osmotic stress by identifying the osmoprotectants that allow the growth of this food pathogen at high salt concentrations. We demonstrate that the growth of L. monoytugenes at high osmolarity is strongly stimulated by the addition of peptone to the medium and that this has a comparable effect on growth rate to that of the compatible solute glycine betaine. Proline-containing peptides also stimulate growth at high osmolarity and can substitute for glycine betaine. We demonstrate that L. monoytogenes accumulates high levels of certain peptides during growth at both low and high osmolarity and that these peptides contribute to osmoregulation.
METHODS
Bacterial strain and growth conditions. L. monocytogenes ATCC 23074 (serotype 4b) was supplied by Professor G. S. A. B. Stewart, University of Nottingham, UK, and maintained in coryneform medium agar plates at 4 OC (Patchett e t al., 1992) , for a maximum of two weeks. New plates were prepared by streaking out an aliquot from the glycerol stock, which was kept at -70 OC for long-term storage. Growth experiments were carried out at 30 "C in brain heart infusion (BHI) or in a defined medium.
Defined medium. The chemically defined medium (DM) prepared for L. monocytogenes ATCC 23074 was a modification from Patchett e t al. (1992) and contained (g 1-'): K,HPO, . 3H,O, 10.5 ; NaH,PO, . 2H,O, 3.1 ; NH,Cl, 1.0 ; MgSO, . 7H,O, 0.4. The following amino acids were added to the growth medium (g 1-'):
A 100-fold concentrated stock solution of vitamins was made up according to Trivett & Meyer (1971) : 5 mg a-lipoic acid was dissolved in 200 ml70 % (v/v) ethanol and 2 ml of this solution was added to 125 m195 YO (v/v) Cells were subsequently supplemented with glucose (0.5 Yo, W/V) and allowed to grow to exponential phase, prior to inoculation into fresh media (25 ml) to a starting OD,,, of 0.05-0.1 0. Cell growth was monitored spectrophotometrically (Ultrospec 4050, LKB, Biochrom) by measuring OD,,, of 1 ml samples taken every hour.
Fractionation of peptone. Peptone was fractionated according to charge using an anion-(Bio-Rad AG 1 -X2, acetate form) and a cation-exchanger (Bio-Rad AG 50W). Two columns were poured and equilibrated with 25 mM MOPS pH 7-04. Peptone (5 %, w/v) in 25 mM MOPS, pH 7.04) was passed through the anion-exchange column and the first fraction collected contained the neutral and positively charged residues. The negative residues, bound to the resin, were eluted with 0.5 M NaCl in 25 mM MOPS, pH 7-04. The neutral and positively charged residues were separated by the cation-exchange column, with the neutral residues being collected first and the positively charged residues eluted with NaCl as before.
Amino acid analysis. Cells were harvested at late exponential phase by filtration through a Whatman membrane filter (0.45 pm), under vacuum. Filters were washed twice immediately, with a slightly hypertonic NaCl solution. Intracellular solutes were extracted from the cells with 0.1 YO trifluoroacetic acid (TFA), on ice for at least 30 min, and samples were kept at -20 OC for further analysis. Aliquots (200 pl) were filtered through 10 kDa molecular mass cut-off filters followed by centrifugation. Norleucine (250 pmol) was added as an internal standard to 20 p1 samples, which were loaded onto an Applied Biosystems 420H amino acid analyser equipped with automatic hydrolysis and derivatization. Analyses were carried out using hydrolysis and derivatization for normal peptides and derivatization only for free amino acids. The phenylthiocarbamyl (PTC) amino acids generated were identified on-line, using a 130A separation system employing a C18 reverse-phase narrow-bore cartridge 200 mm x 2.1 mm at a temperature of 34 OC. Eluents A and B were 50 mM sodium acetate buffer, pH 5.44, and 70 YO acetonitrile/30 mM sodium acetate buffer, respectively, with a gradient of 7 YO B at time 0 ; 16 YO B at 5 min ; 30 YO B at 10 min and 54 YO B at 20 min at a flow rate of 300 p1 min-'. The PTC amino acids thus separated were identified and quantified by the UV absorbance detector, set at 254 nm, and a Spectra Physics WINner on Windows Integration System set at an attenuation of 32 mV.
Measurement of glycine betaine accumulation during growth. This was determined by the method of Koo & Booth (1994) . Cultures were grown in DM containing 0.625 M NaC1, 0.5 YO (w/v) peptone and 200 pM glycine betaine. When the cells had established exponential growth (OD,,, = 0-2) an aliquot (2.5 ml) was transferred to a wide test tube (2.5 cm diameter) containing 10 nCi (370 Bq) of radioactive glycine betaine and the incubation continued. When growth in the control flask had reached OD,,, 0.4, the tube was removed from the incubator and the following manipulations undertaken. The OD,,, of the culture in the tube was recorded; three 0-5 ml samples were taken and filtered through glass-fibre filters and washed with 3 ml growth medium of the same composition but lacking glycine betaine. The filters were then dried and the radioactivity trapped in the cells determined by scintillation counting; 50 pl samples were removed and transferred to filters and dried as standards for the determination of the glycine betaine specific activity.
Protein determination. The relationship between optical density and protein concentration was established by serial dilution of exponential-phase cultures and lysis of the cells of known OD,,, with 0.1 M NaOH. The protein content was measured by the Folin-Ciocalteu method adapted for microtitre plates using a bovine serum albumin standard. A cell suspension giving an OD,,q of 1 was equivalent to approximately 170 pg total protein ml-at low osmolarity and 130 pg total cell protein ml-' at high osmolarity.
Chemicals.
The chemicals used were of analytical grade, whenever possible, and supplied by Sigma or BDH. Tryptone, BHI, yeast extract and agar (no. 3) were purchased from Unipath (Oxoid). Peptone type I and peptides were supplied by Sigma. Molecular mass 10 kDa cut-off filters were obtained from Millipore.
RESULTS

Growth off. monocytogenes at high osmolarity
The growth of L. monoytogenes at high osmolarity was investigated in BHI and in DM. At low osmolarity the specific growth rates of L. monoytogenes were rnonocytogenes was cultured on the appropriate medium as described in Methods and the specific growth rate ( p ) was determined during exponential growth. 0, DM; 0, DMB (DM supplemented with 1 mM glycine betaine); ., brain heart infusion.
0.86f0.08 h-' and 0.46f0.02 h-' for BHI and DM, respectively. As the osmolarity of BHI cultures was increased there was a marked lag prior to the establishment of a constant exponential growth rate. In contrast, growth in DM at high osmolarity proceeded without a significant lag. In both media the growth rate fell as the osmolarity of the growth medium was increased (Fig. 1) . The upper limit for growth was 2.0 M NaCl and 1.0 M NaCl for BHI and DM, respectively. Supplementation of DM, but not BHI, with glycine betaine (1 mM) stimulated growth at moderate osmolarity (0.3-0.7 M NaC1) and extended the upper limit for growth from 1.0 M NaCl to 1.5 M NaCl, but was without effect in lowosmolarity medium. As expected from studies with other organisms the effect of glycine betaine was progressively greater at higher osmolarity ( Fig. 1) . In contrast proline (1 mM), which serves as an osmoprotectant for many organisms, and choline (1 mM), glycine (1 mM) and betaine aldehyde (0.6 mM), which can serve as precursors of glycine betaine, were without effect on the growth of L. monoytogenes (data not shown). Recently, 10 mM proline has been found to confer significant osmoprotection on L. monoytogenes up to 0-5 M NaCl (Beumer e t a!., 1994).
Growth stimulation by peptone
The osmotic tolerance of L. monoytogenes was clearly greater in complex medium than in DM and the components of BHI that were responsible for this effect were investigated. The addition of peptone, a major component of BHI (0.5 %, w/v), to low osmolarity DM caused a 1.5-fold stimulation of growth, as expected for nutrient supplementation (Table 1) . However, addition of peptone to the higher osmolarity medium DMS (DM plus 0.625 M NaCl) stimulated growth threefold (Table 1) . The addition of glycine betaine was additive, with the effect of peptone leading to more than fourfold stimulation of growth rate (Table 1) . The growth rate achieved by L. monoytogenes in DMS plus peptone and glycine betaine was identical to that observed in BHI medium at 0-625 M NaC1. Thus, it appears that L. monoytogenes requires Table 1 . Growth stimulation by peptone and glycine betaine Cells were grown overnight as described in Fig. 1 and inoculated into fresh growth medium. The specific growth rate was determined from the exponential phase of growth by taking samples at regular intervals and plotting OD,,, versus time. Data represent the mean and the standard deviation of (n) experiments.
Medium
Addition ( nutritional supplementation as well as osmoprotectants in order to achieve its characteristic salt tolerance.
The peptone used in this study is a complex mixture of peptides and amino acids derived from hydrolysis of animal proteins. 
Fig-2. Growth rate of L. monocytogenes in defined medium
to the medium. Details of growth were as described in Fig. 1 and Methods. 0, DM; A, DM supplemented with 1 mM prolylglycyl-glycine; ., DM with 1 mM prolyl-hydroxyproline.
(DM) with Peptides as a function Of NaCl added fractions stimulated growth, but only the neutral fraction 
rnonocytogenes cells grown under different regimes
Cells were grown overnight as described in Fig. 1 and inoculated into fresh growth medium. The specific growth rate was determined from the exponential phase of growth as described in glutamine and (c) aspartate. Cells were grown in DM with additions of peptone, specific peptides, glycine betaine and sodium chloride and the specific growth rate ( p ) determined. When the cells were in late exponential phase samples were taken and the amino acid pools determined as described in Methods.
rates of 0.42 and 0.41 h-', for complete peptone and neutral peptide fraction, respectively). Thus, the major growth stimulation derives from the neutral fraction of peptides.
The growth stimulation in DMS of a range of prolinecontaining peptides was investigated. Prolyl-glycyl-glycine (PGG) and prolyl-hydroxyproline (PHP) strongly stimulated growth (Fig. 2) and prolyl-glycine (PG) also stimulated growth, but to a lesser extent (data not shown). A mixture of proline and glycine (1 mM), added as free amino acids, had no effect on the growth rate at either low or high osmolarity and we were unable to detect transport of [U-''C]proline (data not shown). In DM prolinecontaining peptides had no effect on the growth rate (Fig.  2) . Growth stimulation in DMS was similar for the tripeptide PGG and the dipeptide PHP and extended the growth limit in DMS to approximately 1.2 M NaCl (Fig.  2) , which is consistent with a role for these peptides as
The amino acid pools of cells are the consequence of several conflicting processes : synthesis, transport, utilization for protein synthesis, excretion, deamination and metabolism, and peptidase activity (when peptides are present in the medium). Analysis of the amino acid pools can only reveal the resultant of these activities, and alterations in the pool may reflect changes in any of these parameters. The amino acid pools of L. monocJytogene.r were investigated under the conditions used for growth analysis (above). Supplementation of DMS with peptone (DMSP medium) caused small changes in the pool sizes of many amino acids, but significant increases in the pools of proline, glycine, alanine, hydroxyproline, aspartate, glutamate and glutamine ( Table 2 ). The pools of glutamate, glutamine and aspartate were found to be inversely correlated with the growth rate (Fig. 3) . When the growth rate was stimulated by the addition of glycine betaine to DMSP (i.e. DMSPB; Table 2 ) the pools of most amino acids were reduced. A similar effect of glycine betaine has been observed for cells growing in peptone-free medium containing high salt (0-625 M NaCl; data not shown). Consequently, in analysing the changes in amino acid pools during growth under conditions of osmotic stress it is necessary to take into consideration alterations of other parameters, such as growth rate. Thus, it may not always be possible to attribute changes in amino acid pools to a single physiological mechanism.
Supplementation of DMS with the peptides PHP, PG and PGG provoked the accumulation of large pools for the amino acids corresponding to the peptide (Table 3) . In general it was found that glycine pools derived from PGG or PG, and proline pools derived from PHP, were lower than predicted from the stoichiometry of the peptides, suggesting that these amino acids were either lost from the cell or were more rapidly metabolized.
It is known that peptides can be accumulated as contributors to the restoration of turgor pressure (Smith & Smith, 1989 ; McLaggan e t a/., 1990 ; D'Souza-Ault e t a/., 1993). Usually such peptides are derived by synthesis from the free amino acids, such as glutamate and glutamine. We sought to determine whether L. monocJytogenes accumulated free peptides when grown with peptone or with specific peptides and what role such peptide accumulation might play in osmoregulation. Cell lysates were analysed for free amino acids and peptides as described in Methods. Cells grown at either low osmolarity (DMP) or high osmolarity (DMSP) accumulated similar pools of peptides, composed principally of glycine, proline and hydroxyproline (Fig.  4) . Similarly when cells were incubated with the individual peptides PGG, PHP and PG, a substantial pool t Peptide content is calculated from the amino acid content of the sample after acid hydrolysis corrected for the content prior to hydrolysis.
Standard deviations are omitted since this is a calculated value rather than a direct measurement. of the unhydrolysed peptide was maintained for PGG and PHP, but not for PG (Fig. 5) . For the tripeptide PGG the amino acid pools after acid hydrolysis are consistent with the accumulation of both PGG and glycylglycine (GG) derived from PGG by peptidase action. Cells incubated in DMS with PGG and PHP had reduced pools of PHP (approximately 18 YO reduction) and increased PGG and G G pools (13 YO and 10 YO, respectively, for PGG and GG) when compared with cells incubated with a single peptide ( Table 3) . Correspondingly it was observed that the pool of hydroxyproline was also reduced relative to cells grown with PHP alone (Table 3) . Thus, when the peptides are in competition for transport systems the tripeptides may be preferred substrates. The intracellular concentrations of the peptides can be very high, for example peptide pools in cells grown in DMS plus PHP and PGG were as much as 1 pmol (mg cell protein)-', which would be approximately 330 mM based on a cytoplasmic volume of approximately 3 pl (mg cell protein)-' (Patchett e t al., 1992) . These pools are similar to the total pools of free amino acids (450 mM; Table 3 ) and consequently both contribute substantially to osmoregulation. For comparison we determined the intracellular concentration of glycine betaine during midexponential growth. Cells were cultured in DMSP containing 200 pM [N-14CH3] glycine betaine (specific activity 0.02 pCi pmol-', 0.74 kBq pmol-') and the internal pool of glycine betaine determined as described previously (Koo & Booth, 1994) . Cells were found to have accumulated glycine betaine to 2.5 f 0-4 pmol (mg cell protein)-', which corresponds to an intracellular concentration of approximately 800 mM. This accumulation of glycine betaine was accompanied by a decrease of the total amino acid pool of approximately 50% from 1 M to 0.55 M (Table 2) . Patchett et al. (1992) recorded that small increases in the potassium pool accompanied growth at higher osmolarity. Taking these data with our own it is clear that under a variety of nutritional conditions, provided by varying the peptide supply, cells are attaining an internal osmotic pressure in the range 1 to 1-5 osM. Thus, in the absence of glycine betaine the accumulation of peptides and amino acids can be used by L. monoytogenes to establish an internal osmotic pressure close to that observed when glycine betaine is present. chosen because this peptide is derived from collagen and would be expected to be a natural component of many partially hydrolysed meat products. The cytoplasmic PHP pool increased as the osmolarity was raised and this was paralleled by the pools of hydroxyproline and proline (Fig. 6) . Above 0.7 M salt the pools of both peptide and free amino acid declined. These data show that physiological changes are taking place as the osmolarity is raised, leading to altered pools of the amino acids and peptide. Clearly, such accumulation of osmotically-active solutes will enable the cell to compensate for the change in the external osmolarity. These data are consistent with osmotic stimulation of peptide transport. Further the data point to controlled accumulation of proline and hydroxyproline. Thus, the accumulation of peptides may be a mechanism of osmoadaptation in L. monogtogenes.
DISCUSSION
The data presented in this paper demonstrate that the growth of L. monogtogenes is strongly stimulated by peptone. Peptone stimulates bacterial growth through the provision of amino acids that either can be utilized directly for protein synthesis or can be oxidized to provide ATP. The primary role of peptone as a nutrient source is consistent with the largely unchanged amino acid pools found in cells growing at low osmolarity in the presence and absence of peptone. Metabolism of amino acids can also occur to provide carbon skeletons entering the tricarboxylic acid cycle. However, oxidative metabolism plays only a minor role in energy transduction and, consequently, only those amino acids able to give rise to ATP by substrate-level phosphorylation would be important in energy generation (A. Verheul & T. Abee, unpublished data). L. monoytogenes does not grow with peptides as sole carbon source (M.-R. Amezaga & I. R. Booth, unpublished data) and thus, the likely primary role of the peptides during growth at low osmolarity is the provision of amino acids for protein synthesis. Recently, a di-and tripeptide transport system was shown to be able to supply L. monoytogenes with essential amino acids for growth (A. Verheul & T. Abee, unpublished data).
Analysis of the role of peptone during growth at high osmolarity is more complex. Growth stimulation is a product of both nutritional supplementation and osmoadaptation. The pools of amino acids and peptides accumulated in cells grown at high salt are similar to those detected when the organism is supplied with glycine betaine and peptone. However, the specific growth rate achieved in the presence of both peptone and glycine betaine is higher than that achieved with either peptone or glycine betaine alone. The simultaneous presence of both glycine betaine and peptone leads to the salt tolerance for which L. monoytogenes is renowned and gives specific growth rates similar to those achieved in brain heart infusion.
Peptide accumulation during osmoregulation has previously been noted in a variety of species but these have usually been synthesized de novo, rather than accumulated from peptone (Smith & Smith, 1989; McLaggan e t al., 1990; D'Souza-Ault e t al., 1993) . The data presented here clearly demonstrate that cells grown with peptone accumulate substantial pools of peptides from the growth medium and that these pools can contribute to osmoregulation. With individual peptides, such as PHP, it is clear that the peptide pool is affected by the osmotic pressure of the medium in a manner consistent with a contribution to osmoregulation.
In contrast to the situation for peptides there are substantial increases in the pools of free amino acids at high osmolarity. The fate of peptides in the cell is determined by the relative balance of influx and efflux via specific transport systems and the rate of hydrolysis of the peptide in the cytoplasm. In this study it is clear that for single peptides the balance of transport and hydrolysis is dependent upon the identity of the amino acids constituting the peptide; e.g. for prolyl-glycine (and also the tripeptide alanyl-alanyl-alanine ; data not shown) the peptidase activity is able to match the transport capacity of the cell, resulting in little or no accumulation of the free peptide. In contrast prolyl-glycyl-glycine, which differs from PG by a single extra glycine residue, is not readily broken down and significant accumulation of glycylglycine occurs. This clearly parallels the situation with peptone since there are substantial pools of glycinecontaining peptides in cells grown with peptone. Given the prevalence of prolyl-glycine and hydroxyprolylglycine linkages in collagen, the accumulation of this type of peptide by cells may have an important bearing on the growth of L. monoytogenes in p5d.
Gram-positive organisms are often considered to sustain very high turgor pressures. Our analysis suggests that this may not be true for L. monoytogenes. An approximation of the osmolarity of the cytoplasm can be obtained from the analysis of the amino acid pools, glycine betaine accumulation and pools of potassium (Patchett et al., 1992) , since recent NMR studies on L. monoytogenes found no evidence for any endogenously synthesized osmoprotectants (KO et al., 1994) . In the case of the strain of L. monoytogenes studied in this work the calculated internal osmolarity in cells grown in DM is quite low, but is above that of the external osmolality : approximately 400-700mosM in cells compared with 260mosM in the medium. In contrast, cells growing at high osmolarity in the presence of peptides and glycine betaine (DMSPB) exhibit pools that total approximately 1800 mosM compared with an external osmolality of 1300-1500 mosM (calculated from Table 2 and data for potassium pools and cell volume from Patchett e t al., 1992) . In the absence of glycine betaine the calculated cytoplasmic osmolarity is somewhat lower (approximately 1400 mosM.) Thus these data suggest that the turgor pressure of L. monoytogenes is relatively low and is of a similar magnitude to that calculated for E. coli. During growth at high osmolarity the turgor remains relatively constant in the presence of glycine betaine but may decline when the sole source of compatible solutes is the peptone of the growth medium. These data establish for the first time that when this organism is cultured on complex medium, which is similar to their natural habitat as a food-borne pathogen, the accumulation of amino acids and peptides from the environment can substitute for conventional compatible solutes.
